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PUROMYCIN INHIBITION OF PROTEIN SYNTHESIS: 
INCORPORATION OF PUROMYCIN INTO 

PEPTIDE CHAINS 
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Communicated by Fritz Lipmann, February $4, IN34 

The similarity in structure between puromycin and aminoacyl-sRNA (Fig. l), 
first noted by Yarmolinsky and de la Haba,' led to the hypothesis that the anti- 
biotic inhibits protein synthesis by acting as an analogue of esterified sRNA. 
Puromycin blocks protein synthesis after aminoacyl-sRNA formation,'* and at 
the same time it leads to the accumulation of small peptides.a Both of these effects 
appear to be due to the splitting of ribosome-bound peptidyl-sRNA,' which results 
in release of incomplete peptide chain~.b-~ If puromycin does act as an analogue 
of "charged" sRNA, one might anticipate the 
possibility that it could substitute for an incoming a b 

activated peptide, forming peptidyl-puromycin, MOCH, 

thus ending growth of the pol~peptide.~. Such 
a mechanism is supported by the finding of Allen 
and Zamecnik7 that when puromycin labeled in o'%-CM*a~~~~ O~:-?M-* 

the amino acid moiety is incubated with reticu- 
locyte ribasomes, a portion of the radioactivity 
precipitates with the released polypeptides, the 
amount being equivalent to the N-terminal valine 
of these peptides. In order to establish, however, that puromycin replaces amino- 
acyl-sRNA as an acceptor of the peptide chain it is desirable to show unequivo- 
cally that puromycin as such becomes linked to polypeptide via a peptide bond in 
the course of protein synthesis. The study reported here was undertaken to de- 
termine whether or not peptidyl-puromycin is formed when susceptible cells are ex- 
posed to the antibiotic. 

Maferit1.5 and Methods.-H'-puromyci, labeled in the methoxy group, WBB prepared under the 

<:5 <:f;"' aminoacyl-sRNA as the acceptor of the carboxyl- 

R'OCW, v v 
NMt NH. 
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guidance of Dr. Amos Neidle of Columbia University, New York, by first methylating N-carbo- 
benzoxy-Gtyroeine (Mann Research Laboratories, New York, N. Y.) with Hs-dimethyl sulfate 
(120 mc/mmole, New England Nuclear Corp., Boston, Mass.) according to the procedure of Pi th  
Rivera and Imman.9 The resulting Ha-N-carbobenzoxy-0-methyl-Gtyrosine waa then condensed 
with the aminonucleoside of puromycin (obtained from Dr. Leon Goldman of the Lederle Labora- 
tories, Pearl River, N. Y.), following the procedure of Baker et aZ.Io to give H*-N-carbobenzoxy- 
puromycin (mp 193-195"). H*-N-carbobenzoxypurornycin waa reduced with hydrogen in the 
presence of palladium oxide, and the resulting HLpuromycin waa crystallized from alcohol (mp 
160-1630). 

The product waa analyzed by paper chromatography in butanol-acetic acid-water (4: 1 : 5 )  and 
by paper electrophoresis a t  pH 4.7 in pyridine acetate. In each cme a single ultravioletrabsorbing 
spot WBB found corresponding with puromycin and containing 90-9370 of the recoverable radio- 
activity. Ultraviolet absorption spectra of the H*-puromycin corresponded closely with that of 
puromycin; wavelengths giving maximal and minimal absorption a t  pH 1, 7, and 11 were the 
same aa with puromycin. Prior to use in the experiments to be described the Ha-puromycin was 
further purified by paper electrophoresis. 

Gphenylalanyl-puromycin (9-(3-deoxy-3-Gphenylalanyl-O-methyl-Gtyrosinamido-~~-rib~ 
furanosy1)-6-dimethylamino-SH-purine) was prepared by condensing N-carbobenzoxy-Gphenyla- 
lanine (Mann &arch Laboratories) with puromycin.1° Glycyl-puromycin (9-(3-deoxy-3-glycyl- 
0-methyl-Gtyrosinamido ~-D-ribofuranosy1)-6dimethylamino-SH-purine) and puromycin were 
supplied by Dr. Goldman. 0-methyl-Gtyrosine was obtained by the reduction of N-carbobenzoxy- 
0-methyl-L-tyrosine prepared aa described above. Chymotrypsin, trypsin, and carboxypeptidase 
A (treated with diisopropy1fluorophocIphat.e) were purchased from Worthington Biochemical 
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FIQ. 2.-The effect of dif- 
ferent concentrations of puro- 
m cin on the owth of E.  coli. 
Aiquota of a Eg-phme culture 
were continuously aerated in 
bubbler tubes at 37" and samples 
removed at various timee for 
optical density readinga at 600 
mp. Puromycin concentrations 
were aa follows: zero (o), 
3.2 x M (a), 8 X 10-6 M 
(e), 1.6 X lo-' M (m). In 
other e eriments no fall in 
optical Tensity was detected 
during 2 hr of growth in the 
presence of 8.0 X 10" M or 
1.6 X 1O-'M puromycin. 

MINUTES 

FIG. 3.-Time course of Ha-puromycin incorporation 
into an acid- recipitable product. To 2 ml aliquota of a 
logarithmic pEaae culture (O.D. of .565) Ha-puromycin 
(1.6 X 10' cpm/pmole) waa added to give a ha1  concentra- 
tion of 3.2 x 10" M (0) or 8.0 X 10- M (0 ) .  A t  
various times during growth a t  35" 0.4-ml samples were 
removed, and carrier protein and excem unlabeled puro- 
mycin were added, followed by an equal volume of 10% 
trichloroacetic acid (TCA). The precipitate waa diasolved 
in NaOH, reprecipitated with 5% TCA in the presence 
of unlabeled puromycin, waahed with TCA and ether, and 
counted. Separate aliquots of the original culture were 
used for following the optical density. At the end of 90 
min the optical density waa 1.74 in the absence of puro- 
mycin, 1.61 with 3.2 X 10" M puromycin, and 1.02 with 
8.0 X M. Incorporation is given aa cpm per 0.4 
ml of culture divided by the optical density expreaeed in 
multiples of the zero time d u e .  
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Corp., Freehold, N. J.; and pronase, from Calbiochem, Loa Angeles, Cal. Esch enzyme waa 
active with model substrates. 

E .  cdi B used in these experimenta was grown in a minimal medium of the fallowing composition: 
K~HPOI 10.5 gm, KHZO, 4.5 gm, sodium citrate.5HX) 0.47 gm, (N&k SO, 1.0 gm, MgS04-7HX) 
10 mg, and g l u m  2.0 gm per liter of water. A low magneaium ion concentration was used since 
the eensitivity of Pseudommurs jeuormcend to puromycin had been reported to increase aa the 
magnesium ion concentration of the medium waa lowered.*l A similar effect waa found with E .  
cdi. At the magnesium level used in the preeent experimenta, growth waa the same as at higher 
concentrations. 

Radioactivity measurementa were carried out in a liquid scintillation counter, wing a toluene- 
based scintillator. 

Results.-Incorporation of H a-purmyc in  into an acid-precipitable product: At 
concentrations of puromycin which inhibit growth of E. coli (Fig. 2) and amino 
acid incorporation into protein, Ha-puromycin is incorporated into an acid-pre- 
cipitable product. As shown in Figure 3, this reaction is time- and concentra- 
tion-dependent ; with the concentrations used, the amount of puromycin incor- 
porated per unit cells is proportional to concentration. On dilution of H'-puromy- 
cin with nonradioactive puromycin the amount of radioactivity in the acid-pre- 
cipitate is reduced proportionately; in contrast, addition of a thirtyfold molar 
excess of nonradioactive phenylalanine and tyrosine to the medium did not affect 
the amount of radioactivity incorporated (Table 1). These results suggest that 

TABLE 1 
Puromycin Specific activity Puromycin incorporated 
(M x 10') (cpm X 1 0 ~ / f i m d e )  Additions cpm mfimoles 

Exp. 1 
. 3.2 

3.2 
8 .O 
8.0 

3.20 -- -- 
90 !.?! Chloramphenicol - 

3 .m 
1.28 1070 

m 0.64 
0.028 

z4w 0.78 
0.83 

Exp. 2 
3.2 
3.2 

1.28 - 1560 1.22 
1.28 Tyrosine and 1510 1.18 

phenylalanine 
The eUect of chloramphenicol. unlabeled puromycin, and unlabeled t rosine and phenylalanine on 

the incorporation of Acpuromycin into an acid-pmipitable product. &e-ml ali uotm of a lgarith- 
mic p h w  culture (O.D. .100 in asp. 1 and .750 in erp. 2) were grown at  37' for e8 min in the pred- 
once of the oompoundi indicated. Chloramphenicol w u  added 5 min prior to puromycin a t  a coneen- 
tration of 50 pgm/ml I.-tyramine and I.-phenylalanine were added 15 min nor to puromycin at coa- 
centrations of 0.001 ak each. The narnpllu were analywd M described in &e lemnd of FIE. a. 

the incorporated radioactivity is not due to adsorption nor to splitting of the amide 
bond of puromycin with the subsequent incorporation of 0-methyl-tyroshe into 
protein. Also, the fact that a puromycin-resistant mutant of E. coli B, when 
grown for 90 min in the presence of 8 X 10-5 M H*-puromycin, showed only 13 
per cent as much incorporation as the wild-type organism suggests that the incor- 
poration is related to the inhibitory effect of the antibiotic. Furthermore, the 
marked inhibition of puromycin incorporation by chloramphenicol (Table 1) in- 
dicates a relationship between this reaction and protein synthesis and is similar to 
the effect of chloramphenicol on the production of puromycin-induced peptides in 
the aminoacyl-sRNA-ribosomal system.8 

Identijicalion of the aca'cl-imoluble product as polypeplide: A larger scale incuba- 
tion of log-phase cells with 3.2 X lobs M Ha-puromycin (specific activity 1.14 X 
1W cpm/pmole) was carried out for 90 xnin at 37", and the cold TCA precipitate, 
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after being washed with five per cent TCA and extracted with ether, was redissolved 
and digested with RNAse and DNAse followed by prolonged dialysis. (With 
this procedure a zero-time sample showed about two per cent as much acid-pre- 
cipitable radioactivity as the 90-min sample.) Aliquots of the nondialyzable labeled 
material were digested with various proteolytic enzymes or with 6 N HC1 and the 
digests chromatographed on paper in butanol-acetic acid-water (4 : 1 : 5). Segments 
of the paper were then counted for radioactivity. The results are shown in Figure 
4. In  the absence of any proteolytic agent almost all the radioactivity remained 
at the origin. HC1 and pronase treatment liberated radioactive 0-methyl-tyrosine 

IO-  

9 
10 :::I " 20 

S E G M E N T  N U Y 8 E I  

FIQ. 4.-The effect of proteolytic agents on the chromatographic distribution 
of radioactive material. Aliquots of the acid-precipitable Ha-puromycin 
product, prepared aa described in the text, were incubated with the agents 
indicated. In  the case of the control ("no treatment") and the proteolytic 
enzymee, incubations were for 3 hr at 35". Acid hydrolysis was carried out a t  
100" for 18 hr in 6 N HCl. Puromycin (P) and 0-methyl-tyrosine (OMT) 
were added to each sample prior to chromatography. On the left is a tracing 
of the chromatogram of one of the samples. Unbroken lines outline ultraviolet 
absorbing spots; broken lines outline ninhydrin-staining spots. The top line 
represents the solvent front. The chromatogram waa cut into segments aa 
indicated by the numbers, and each segment counted. On the right is plotted 
the percentage of total counte found in each segment. Total radioactivity waa 
approximately loo0 counts per minute in each case. 

suggesting that this amino acid was in peptide linkage. Separate or combined 
trypsin and chymotrypsin digestions led to many different radioactive spots, again 
indicating that the radioactive material is part of peptide chains. As shown in 
Figure 4, incubation with carboxypeptidase had no effect on the chromatographic 
distribution of radioactivity. The fact that carboxypeptidase treatment did not 
liberate radioactive 0-methyl-tyrosine suggests that this amino acid was not pres- 
ent as such a t  the carboxyl end of the peptide chains. Furthermore, no O-methyl- 
tyrosine was found even after carboxypeptidase treatment of radioactive peptides 
formed by combined trypsin-chymotrypsin digestion. This result suggests that 
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the 0-methyl-tyrosine moiety of puromycin was not incorporated into the peptide 
product aa the free amino acid. 

Both trypsin and chymo- 
trypsin digestion of the radioactive acid-precipitable product, and especially com- 
bined trypsin-chymotrypsin treatment, yielded radioactive peaks on chromatog- 
raphy corresponding in mobility to puromycin (Fig. 4). In view of the apparent 

Identification of puromycin in the polypeptide chains: 
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FIG. 5.-Chmmatogram of chymot 
digeeta of phenylalanyl-puromycin an% 
glycyl-puromycin. Conditions for incubation 
and chroma aphy were the same aa in- 
dicated in ~ 3 T d  of Fig. 4. Glg, glycine; 
OMT, 0-meth -tyrosine; P, puromycin: 
AN; aminonu&cmide of puromycin; C, 

PbP, phenylalan l-puromy- 
f.--. ~ ~ m ~ ~ i n ~ y c y l - p u r o ~ y c i n ;  PL,  phenyl- 

0 <,-.., alanine. Un roken linea outline ultraviolet- 
abmrbing spots; broken linee outline nin- 
hydrin-stainiig spota. 
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Fro. 6.-Electro herogram of radioactive material liberated by tryp- 
sin-chymotrypsin &? and having the mobility of puromycin on 
chromatography. E ectrophoreaia waa carried out at pH 4.5 in pyridine- 
acetic acid-butanol (2.5, 2.5, 5% v/v) on Whatman 3 MM paper.at 
30 V/cm for 2.5 hr. On the left is a tracin of the ultrawolet-abmrbmg 
spot ccrreeponding to added puromycin (8). X repreaenta the radio- 
active material. On the right are plotted the eounta per minute in the 
various segmenta of paper. 
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liberation of puromycin by chymotrypsin and the results with carboxypeptidase 
mentioned above, it appeared that the amide bond of puromycin was resistant to 
chymotrypsin. To demonstrate this more directly the action of chymotrypsin on 
synthetic aminoacy-puromycins was examined. 

As shown in Figure 5, when phenylalanyl-puromycin or glycyl-puromycin was 
treated with chymotrypsin, no aminonucleoside was formed, i.e., the amide bond 
between 0-methyl-tyrosine and the 3’ amino group was not split. With phenyl- 
alanyl-puromycin, phenylalanine and puromycin were found. Therefore, chymo- 
trypsin would be expected to liberate puromycin from a polypeptidyl-puromycin 
where the last amino acid of the polypeptide is phenylalanine or tyrosine. Simi- 
larly (though this was not directly tested), trypsin should lead to free puromycin 
wherever lysine or arginine is the last amino acid of the polypeptide chain. 

In order to identify the radioactive compound(s) liberated by trypsin-chymotryp- 
sin digestion of the Ha-puromycin product and moving with puromycin on chro- 
matogmphy, this material was eluted and electrophorized. As shown in Figure 6 
about 65 per cent of the radioactivity migrated with puromycin. Moreover, when 
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FIG. 7.--Chrornatography of the acid-treated putative Hg- 
puromycin in butanol-acetic acid-water. On the left is a tracing 
of the chromatogram stained with ninhydrin. The line at the 
top repreaents the solvent front. Legends are the same as given 
under Fig. 5. A indicatea acid-treated; X, the radioactive ma- 
terial. On the right are plotted the counts per minute in the 
various segments of paper. 

an aliquot of the material purified by consecutive chromatography and electro- 
phoresis was treated with 1 N HC1 a t  loOo for 15 min to depurinate the putative 
puromycin, most of the radioactivity then moved on chromatography with the 
depurination product of puromycin (Fig. 7). Finally, the purified radioactive ma- 
terial was crystallized together with carrier puromycin to constant specific activity 
(Table 2). We conclude therefore that puromycin is incorporated as such into the 
polypeptide chain of protein by means of a peptidase-sensitive bond. Since the 
molecule has no carboxyl or similar group capable of continuing the chain, it must 
be present at the carboxyl terminal end of the polypeptide. 

Discussion.-The finding of puromycin within (and therefore at  the end) of 
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TABLE 2 

OD. units Cpm O.D. unitl 
Cpm per loo0 

Starthg material 1760 697 3% 
2nd crystallization 388 102 263 , 

3rd cryet+zation 510 128 25 1 
4th crystalhation 329 92 279 
To an dcoholic solution of the material purified by conseeutive chromatograph 

lowed to crynlslliie overnight at 4 O .  

and eleetro- 
gboresis (as described in the text) 87 @ole8 of puromycin dihydrochloride were K d d ,  followed 
J an equivdeot amount of cyclohexylamine. The puromycin WM dissolved at 65-70° and 

The arystds w e n  wMhed with alcohol at - 1 5 O .  redia- 
solved in warm alcohol. and aliquota taken for counting and measurement of O.D. at 267 my. 
Thim cryltalliration procedure waa remted three timw. The product of the B n t  crystallixation 
WM not analyxed. 

polypeptide chains can readily account for the inhibition of protein synthesis by 
this antibiotic. Whereas peptidyl-sRNA found on the ribosome' is ordinarily 
transferred to the amino group of the next aminoacyl-sRNA, in the presence of 
puromycin the carboxyl-activated peptide appears to be transferred to puromycin, 
thus ending the sequential extension of the protein chain: 

0 0 0 
- t - NH - F H - ~  - NHTH -t - t RNA t 

NHz NH 
CH,O ~ C H , - C H - C  I I  =O 

F1 2 51 - C-NH-CH-C-NH-CH-C 
I R, I 

+ sRNA R, 

'NH NH 
CH,O -CH,-CH-C= I I  o 

Although this mechanism can account for the inhibition of protein synthesis by 
puromycin, it is not clear that this is the only way in which it functions. In the 
aminoacyl-sRNA-ribosomal system, puromycin leads to the formation of small 
peptides without puromycin at  the end.= (Such peptides would not have been 
detected in the present study.) The appearance of free peptides suggests that 
puromycin may bring about hydrolytic cleavage of the peptidyl-sRNA bond in 
addition to the transfer mechanism already discussed. However, because the ob- 
servations on formation of free peptides were made under conditions where pep- 
tidases might secondarily split peptidyl-puromycin,' this alternate reaction is not 
established. 
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An implication of the mode of action of puromycin presented here is the likelihood 
that the transfer of peptide from peptidyl-sRNA to puromycin can serve as a model 
for the formation of peptide bonds in protein synthesis. Thus, one would expect 
that the same enzyme that catalyzes peptide bond formation also catalyzes the 
transfer of peptide to puromycin. In line with this is the observation that release 
of peptides from E. coli ribosomes by puromycin is stimulated by the enzyme frac- 
tion which is required for polypeptide synthesis from aminoacyl-sRNA.l* 

Summary.-Radioactive puromycin, when added to a culture of E. coli, becomes 
incorporated into acid-precipitable compounds by means of a reaction that is 
sensitivd .to chloramphenicol. Digestion of this acid-insoluble product with trypsin 
and chymotrypsin liberates radioactive material with chromatographic, electro- 
phoretic, and chemical properties of puromycin. It is concluded that growing 
peptide chains on ribosomes are transferred to the free amino group of puromycin 
in analogy with the normal reaction of peptide bond formation in protein synthesis. 

The generoue assietance of Dr. Amoa Neidle in the synthesis of radioactive puromycin and of 
phenylalanyl-puromycin is moat gratefully acknowledged, as is the continued intereat of Dr. Fritz 
Lipmann, in whose laboratory the author's work on puromycin waa begun. This reaearch haa 
been supportad by a grant from the National Institutes of Health. 
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